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ABSTRACT and fish nutrition studies have shown that the amount
of “available P” in low-phytate grains, P absorbed andPhosphorous in soybean [Glycine max (L.) Merr.] seed is stored
utilized by an animal, is increased in proportion to theprimarily as phytic acid, which is nutritionally unavailable to nonrumi-

nant livestock. The objective of this study was to isolate mutations decrease in grain phytic acid P. Depending on the diet
that reduce soybean seed phytic acid P and increase seed inorganic formulation, animals can absorb from 25 to 50% more
P. Following treatment with ethyl methanesulfonate, M2 through M6 P from the low-phytate grain, and excrete that much
plants were screened for high seed inorganic P. Seeds of M2 plants less grain P as fecal P, when compared with the amount
high in inorganic P produced progenies high in inorganic P through of P these animals absorb from normal grains (Ertl et
the M6 generation. M6 progenies of one plant averaged 6.84 g kg21

al., 1998; Huff, et al., 1998; Pierce et al., 1998; Sugiura
seed phytic acid and inorganic P varied from 2.34 to 4.41 g kg21 or

et al., 1999; Veum et al., 1998). Low-phytate soy feed60 to 66% of phytic acid P plus inorganic P. M6 progenies of a second
formulations had a beneficial effect on zinc and copperplant averaged 10.89 g kg21 phytic acid and varied from 1.21 to 3.84 g
absoption and status in infant rhesus monkeys (Macacakg21 inorganic P, representing from 47 to 51% of the sum of phytic
mulatta) (Lonnerdal et al., 1999). Iron absorption fromacid P plus inorganic P. In contrast, nonmutant seeds of the check

cultivar Athow contained 15.33 g kg21 phytic acid and averaged 0.74 g tortillas made from genetically modified low phytate
kg21 inorganic P, representing 15% of the sum of phytic acid P plus maize was greater than from wild-type maize in human
inorganic P. Low phytic acid and high inorganic P in these progenies diets (Mendoza et al., 1998). Supplementing swine diets
should increase the nutritional value of soy meal and reduce excess with phytase also has resulted in a reduction of fecal P
P in livestock manure. excretion (Lei et al., 1993).

Since corn-soybean meal and soy meal are commonly
fed livestock rations, reducing phytic acid in soybean

Soybean meal is an important source of protein in would contribute to more efficient livestock feeds and
livestock feeds and is important in human nutrition reduced P in livestock manure. Previous evaluations of

as well. Most of the P in soybean seed is stored in the soybean have not identified genotypes with low levels
form of phytic acid (myo-inositol 1,2,3,4,5,6-hexaphos- of phytic acid in the seed. A large number of previous
phate), and phytic acid P is nutritionally unavailable to studies have surveyed the total P and phytic acid P
nonruminant livestock (Erdman, 1979). Additionally, content of soybean cultivars and lines and those of other
phytic acid is a strong chelating agent that can bind legumes (Raboy, 1997). These studies found that one
metal ions, reducing availability of iron, zinc, calcium, can observe heritable variation for seed phytic acid P
and magnesium (Brown and Solomons, 1991; Erdman, among soybean lines ranging up to 50% of the mean
1981; McCance and Widdowson, 1935; Mendoza et al., value. However, this variation mostly reflects variation
1998). Soy meal is commonly supplemented with inor- in seed total P, with the proportion of seed total P found
ganic P, and more recently with the enzyme phytase to as phytic acid P remaining relatively constant. Raboy
increase the bioavailability of P and of these metal ions et al. (1984) reported that phytic acid P varied from 67
(Adeola, 1995; Adeola et al., 1995). to 77% of total P among seeds of 38 soybean cultivars.

Mutants of corn (Zea mays L.) and of barley Differences among cultivars in the percent of seed total
(Hordeum vulgare L.) have been isolated with geneti- P represented by phytic acid P were not statistically
cally reduced amounts of phytic acid in the seed (Ertl significant. Little variation in seed nonphytic acid P,
et al., 1998; Larson et al., 1998; Raboy and Gerbasi, equivalent to “available P” in nonruminant nutrition,
1996; Rasmussen and Hatzack, 1998). These low phytic has been observed in these surveys.
acid (lpa) mutants have as much as a 70% reduction in The objective of this research was to isolate soybean
seed phytic acid with corresponding increases in inor- mutants with decreased phytic acid P and increased
ganic P. Substitution in feeds of wild-type or normal seed inorganic P, similar to the low phytic acid mutants
phytic acid grains with low-phytate grains demonstrates isolated previously in cereal grains.
that grain phytic acid P is “nonavailable” P in nonrumi-
nant diets. Observed reductions in animal waste P were MATERIALS AND METHODSproportional to the genetically conferred reductions in

Plant Culture and Screening for High Inorganic Pgrain phytic acid P. A growing number of poultry, swine,
(HIP) Seed
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A75-305022, and A75-305022 is a selection from the cross in the supernatants was assayed colorimetrically in triplicate
as described by Chen et al. (1956).‘Wye’ 3 [‘Amsoy’ (Weber, 1966) 3 ‘Wayne’ (Bernard, 1966)].

Following the 24-h soak, seeds were rinsed in distilled water Anion-exchange HPLC analyses of phytic acid in these
single-seed supernatants was then performed using the follow-and planted in rows spaced 10 cm apart in a sand bench.

Emerged seedlings were transplanted to clay pots containing ing modification of the methods as described (Phillippy and
Bland, 1988; Rounds and Nielsen, 1993). The supernatantsa sand-soil-peat mixture, and these M1 plants were grown

to maturity. were first diluted from 3- to 6-fold with DD H2O (as needed
to yield phytic acid peaks within the limits of the standardSeeds were harvested from about 1000 individual M1 plants

and the M2 generation grown at the Purdue University Agron- curve described below), filtered through Whatman No. 1 filter
paper, and passed through Millipore HV 0.45-mm filters. Ali-omy Research Center in 1996. Ten to 20 seeds from each M1

plant were sown in a Chalmers soil (fine-silty, mixed, mesic quots were then fractionated on a Dionex IonPac AS7 anion-
exchange column, equipped with a Dionex IonPac AG7 guardTypic Haplaquoll) in rows 1 m in length, spaced 0.75 m apart.

At maturity, M3 seed were threshed from the pods of five column (Dionex Corp., Sunnyvale, CA), which had been equil-
ibrated with 10 mM methyl piperazine, pH 4.0 (Buffer A).M2 plants from each row.

M3 seeds from a total of 3,994 M2 plants were individually Phytic acid and other inositol phosphates were then eluted
with the following gradient system at a flow rate of 0.5 min21:0tested for the High Inorganic P (HIP) phenotype associated

with homozygosity for a low phytic acid mutation. A prelimi- to 1 min 100% Buffer A; 1 to 26 min a concave gradient from
0 to 15% M NaNO3, pH 4.0 (Buffer B); 21 to 41 min a linearnary analysis of seed produced by nonmutant soybean culti-

vars grown under standard field conditions indicated that these gradient from 15 to 100% Buffer B. The column elutant was
mixed with colorimetric reagent [0.015% (w/v) FeCl3:0.15%seed typically contained about 0.2 g inorganic P kg21. For

purposes of comparison, each P fraction (inorganic P or phytic (w/v) sulfosalicylic acid] at a flow rate of 0.5 mL min21, using
an Alltech PEEK tee (Alltech, Inc., Nicholasville, KY) andacid P) is expressed as its P content, atomic weight 31. These

seed typically contain about 5 g or more total P kg21, so that a pulseless pump, and the mixture passed through a 290-cm
reaction coil prior to peak detection via absorbance at 550inorganic P typically represents about 5% of total seed P.

These data are similar to data reported in an earlier study nm. Phytic acid peaks were identified as those eluting at the
same time as standard phytic acid, and quantitated by the(Raboy and Dickinson, 1987). Seeds were screened for those

containing substantial increases in inorganic P as compared following standard curve, obtained via the analysis of four
potassium phytate standards containing 25, 50, 75, and 100with the typically low levels found in nonmutant seeds.

For routine screening, one M3 seed representing each M2 nM potassium phytate; nM phytic acid 51.30 3 1025 (Peak
Area)15.79, R2 5 0.997.was individually crushed, and extracted overnight in 2.5 mL

12.5% (v/w) TCA:25 mM MgCl2 at 48C, with gentle shaking.
Extracts were allowed to settle for 30 min, and aliquots of Segregation of the HIP/low-phytate trait in M3each single-seed extract were assayed for inorganic P by a

through M6 Progenies of M153 and M766modification of the method of Chen et al. (1956), designed
for use in microtitre plates. The assay total volume was 200 Two progenies were identified as containing putative low
mL. A 10-mL aliquot of each single-seed extract was placed phytic acid mutations, M153 and M766. To test for segregation
in a microtitre plate well, to which was added 90 mL DD H2O, of the HIP trait in their decedents, the following variation of
a 100 mL of colorimetric reagent that was 1 vol 3 M H2SO4, the above colorimetric assay for inorganic P was used. A 50-
1 vol 0.02 M ammonium molybdate, 1 vol 10% (v/v) ascorbic mL aliquot of a TCA extract was transferred to a test tube
acid and 2 vol DD H2O. Assays were incubated at room tem- with a disposable cuvette, to which was added 950 mL distilled
perature for 1.5 h, and the results were scored visually for the water plus 1 mL of colorimetric reagent as described above.
presence or absence of HIP. After 1 h, intensity of blue color was observed and visually

Each microtitre plate included five P standards made by compared with the pale colored solution from seed of ‘Athow’
appropriate dilutions of 1mM K2HPO4 to achieve (i) 0.0 mg (Wilcox and Abney, 1997) that has normal levels of inorganic
P; 2) 0.15 mg P; (ii) 0.46 mg P; (iii) 0.93 mg P; and (iv) 1.39 P. In subsequent tests, color was measured after 1 h at 820
mg P. In practice, nonmutant seeds give a visual result equal nm wavelength in a spectrophotometer. In the M6 generation,
to or less than the second colorimetric standard (0.15 mg P). inorganic P was determined on each of four to six seeds from
Any seed extracts testing higher than the third standard (0.46 each M6 plant. In all tests, comparisons were made with inor-
mg P) were deemed HIP. Previous screening for low phytic acid ganic P levels in the cultivar Athow. Seeds with .1.20 g kg21

mutants in cereal crops used 0.4 M HCl for seed extraction, P were classified as high, and those with ,0.90 g kg21 P were
but preliminary development of methods for use in soybean classified as low in inorganic P.
screening found that this reagent resulted in a low frequency Remnant seed of M3 progenies that tested for the HIP
of artificial results falsely indicating HIP in seed actually con- phenotype were grown in the greenhouse at West Lafayette,
taining low levels of inorganic P. Few such artifacts were IN, in 1996 to 1997, with one seedling per 15-cm clay pot. Seeds
observed when using the TCA solution. from individual M3 plants, either high or low in inorganic

P, were seeded in progeny rows at the Agronomy Research
Center, West Lafayette, IN, to produce the M4 generation.Initial Test for Correspondence of High Inorganic P
Rows were spaced 1 m apart, and length of the row wasand Reduced Phytic Acid determined by the number of M4 seeds harvested from each
M3 plant. The M5 generation was grown in the greenhouseTo provide an initial test of the correspondence between

increased inorganic P and reduced phytic acid P, additional during the 1997 to 1998 winter months, and the M6 generation
grown in the field at West Lafayette, IN, in 1998, using plotsseeds from selected progenies were subjected to a more rigor-

ous single-seed extraction and assay of inorganic P and phytic similar to those in 1997. The number of plants per M5 progeny
row varied from 5 to 30.acid P. Single seeds were weighed, crushed and extracted

overnight in 20 (v/w) 12.5% TCA:25 mM MgCl2 at 48C, with Individual plants were harvested from these rows at matu-
rity. A composite of four to six seeds from specific M6 plantsmagnetic stirring. Extracts were then sonicated for 1 min at

48C. Following centrifugation (10 000 g, 10 min), inorganic P were analyzed for inorganic P with methods described above,
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and for phytic acid P using the “ferric precipitation” method in inorganic P. One progeny row, M153-1-4-6, segre-
as described by Raboy et al. (1984). Briefly, samples were gated for plants both high and low in inorganic P. Quan-
extracted in 0.4 M HCl: 10% (w/v) sodium sulfate. Following tities of inorganic P among all M6 plants varied from a
centrifugation, supernatant phytic acid was precipitated as a low of 2.34 to a high of 4.69 g kg21 P in the seed.
ferric salt. Ferric phytates were washed, wet ashed, and digest A second M2 plant, designated M766, produced prog-phytic acid phosphorus content determined colorimetrically

eny that were both high and low for inorganic P (Tableusing the method as described (Chen et al., 1956). Phytic acid
2). Progenies of M3 plants high in inorganic P wereP (186 g per mole of phytic acid) is converted to phytic acid
evaluated in the M4 through M6 generations. M4 plants(MW 660) by multiplying by the conversion factor 3.5484.
M766-3-5, -3-8, -8-3, -8-4, and -8-5 produced lines all
high in inorganic P. In the M5 generation, several ofRESULTS AND DISCUSSION these lines bred true for high inorganic P and a few lines
were segregating for this trait. Amounts of inorganic PInitial screening identified seed high in inorganic P

(HIP), based on color intensity observations, from sev- among all HIP plants varied from 1.22 to 3.84 g kg21 P
in the seed, lower than the quantities observed amongeral M2 plants. Additional seeds from these plants and

full-sibs of these plants were then screened for HIP. progenies of M153.
As a routine test to determine if these heritable in-These screenings determined that seeds from M2 plant

M153 were segregating for high versus low inorganic P creases in seed inorganic P are matched by equivalent
reductions in seed phytic acid, individual seeds from(Table 1). Seeds produced on two seedling progeny from

M2 plant M153 indicated that progeny M153-1 produced selected progenies were extracted, and these extracts
tested for both phytic acid P using HPLC, and inorganicseeds both high and low in inorganic P. The M4 proge-

nies of plant M153-1 also produced plants that were P using the colorimetric assay. Typical results (Table 3)
both high and low in inorganic P, suggesting that M153-1

Table 2. Distribution of plants producing seed with high or lowwas heterozygous for loci controlling this trait.
inorganic P concentrations in succeeding generations of soy-Progenies of the M4 plant M153-1-1 were all low in bean mutant line M766, and for the cultivar Athow.

inorganic P in the M5 generation (Table 1). All four
Plant Range in M6 plantM5 progenies bred true for low inorganic P in the M6 Generation designation Progeny segregation means for P

generation. Means and standard errors for inorganic P
mg P kg21 seedfor the four M4 plants varied from 0.29 6 0.01 to 0.42 6

Athow low 0.19†0.07 g kg21 P, based on spectrophotometer evaluations. M2 M766 –
M3 M766-3 1 low: 2 highThe cultivar Athow averaged 0.21 6 0.03 g kg21 P.
M4 M766-3-4 All low 0.23†Progenies of M4 plant M153-1-4 were all high in inor-

M766-3-5 All high 2.84†
ganic P (Table 1). Sixteen M5 progeny rows were grown, M5 M766-3-5-1 16 high 1.96 to 3.34

-4 4 low: 9 high:and 15 of these progeny rows produced plants all high
2 segregating

-15 12 high 2.06 to 3.24
M4 M766-3-8 All high 2.18†Table 1. Distribution of plants producing seed with high or low
M5 M766-3-8-8 6 high 1.22 to 3.20inorganic P concentrations in succeeding generations of soy-

-9 5 high 2.32 to 3.15bean mutant line M153, and for the cultivar Athow.
26 low: 2 high:

4 segregatingPlant Range in M6
Generation designation Progeny segregation plant means for P M3 M766-8 All high 2.74†

M4 M766-8-3 All high 2.95†
g kg21 seed M5 M766-8-3-2 5 high: 1 low

-4 7 high 1.94 to 3.13Athow 0.21†
M2 M153 – -6 25 low: 4 high:

1 segregatingM3 M153-1 1 low: 1 high:
2 segregating -18 4 high 2.70 to 2.95

-19 8 high 2.34 to 3.35M4 M153-1-1 All low 0.20†
M5 M153-1-1-2 13 low 0.21 to 0.38 -21 7 high 2.30 to 3.24

-22 5 high 2.61 to 3.06-3 6 low 0.26 to 0.38
-5 4 low 0.24 to 0.79 -23 10 high 2.09 to 3.84

-24 6 high 0.62 to 0.84-9 10 low 0.28 to 0.37
M4 M153-1-4 All high 0.36† M4 M766-8-4 All high 3.21†

M5 M766-8-4-8 16 low: 3 high:M5 M153-1-4-2 14 high 2.94 to 3.98
-3 9 high 2.82 to 3.90 1 segregating

-17 8 high 1.95 to 3.01-6 22 low: 5 high:
3 segregating -20 4 high 2.38 to 3.12

-22 10 high 2.03 to 3.19-7 11 high 2.39 to 3.67
-8 8 high 2.96 to 4.09 -23 5 high 2.03 to 3.24

M4 M766-8-5 All high-9 7 high 2.88 to 4.69
-10 11 high 3.15 to 3.96 M5 M766-8-5-4 6 high 1.87 to 3.02

-12 6 high 2.60 to 3.32-13 8 high 2.64 to 3.36
-14 13 high 2.42 to 3.76 -15 9 high 1.90 to 3.68

-18 7 high: 1 segregating-15 5 high 3.24 to 3.88
-17 5 high 3.31 to 3.99 -20 8 high 1.84 to 2.80

-21 9 high 1.25 to 3.21-20 4 high 2.91 to 4.41
-22 5 high 3.27 to 4.23 -22 9 high 1.99 to 2.92

-23 4 low: 9 high:-23 3 high 2.73 to 3.48
-25 5 high 2.42 to 3.76 1 segregating

-24 2 low: 1 segregating-30 9 high 2.34 to 3.72

† Value for individual plant.† Value for individual plant.
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Table 3. Correspondence between increased inorganic P and decreased phytic acid P, as determined by anion-exchange HPLC, in
individual M5 soybean seeds of selected M4 parents.

M4 plant Inorganic P M5 single Phytic acid P 1
designation phenotype seed test Phytic acid P Inorganic P Inorganic P

g kg21

M153-1-1 Low 1 4.43 0.18 4.61
2 4.19 0.22 4.41

M153-1-4 High 1 0.82 3.14 3.96
2 0.88 3.88 4.76

M766-3-8 Low 1 4.52 0.64 5.16
2 4.95 0.28 5.23

M766-3-12 High 1 0.75 4.62 5.37
2 1.49 3.52 5.01

of these analyses show two M4 progenies that appeared producing seed with high inorganic P therefore were
low-phytate. The M6 progenies of M2 plant M153 thatto be homozygous nonmutant (low seed inorganic P),

M153-1-1 and M766-3-8, and two M4 progenies that were high in inorganic P, were low in phytic acid and
all had less phytic acid P than inorganic P. Inorganic Pappeared to be homozygous mutant (HIP), M153-1-4

and M766-3-12. The seed phytic acid P and inorganic P of these progenies varied from 60 to 70% of the sum
of phytic acid P 1 inorganic P. The M6 progenies oflevels of M153-1-1 and M766-3-8 were similar to values

expected of nonmutant soybean seeds (Table 3). In M766 had about half of the seed P as inorganic P, some-
what less than that of the progenies of M153. Seeds ofM153-1-4 seed, phytic acid P appears to be reduced

80%, as compared with its sibling nonmutant line M153- M766-3-5-4-156 were from a plant with low seed inor-
ganic P. Both phytic acid and phytic acid P from this1-1, and this reduction in phytic acid P is essentially

matched by an equivalent, in terms of P, increase in plant were very high compared to values for progenies of
M153-1-4 or M766-8. In comparison, in seeds of Athowinorganic P. As a result, the sum of phytic acid P and

inorganic P in M153-1-4 is similar to that of M153-1-1. inorganic P represented only 15% of the sum of phytic
acid P 1 inorganic P.Similar results were observed for M766-3-12 (mutant)

when compared with M766-3-8 (nonmutant). In these These results indicate that two independent, heritable
and nonlethal soybean low phytic acid mutants haveand other results of the single-seed HPLC tests of these

progenies, increases in seed inorganic P were in every been isolated in progenies descending from M2 plants
M153 and M766. These are phenotypically similar tocase matched by equivalent decreases in phytic acid

P, so that the sum of the two remains constant. This the low phytic acid 1 mutants previously reported in
corn, barley, and rice (Ertl et al., 1998; Larson et al.,conclusion was supported by the fact that these HPLC

analyses revealed no unusual accumulations of other 1998, Larson et al., 2000; Raboy and Gerbasi, 1996). In
such mutants, seed phytic acid P is reduced by 50% ormyo-inositol polyphosphates related to phytic acid, such

as myo-inositol pentaphosphates (data not shown). more, as compared with wild-type or nonmutant seed,
and this reduction is matched almost entirely by anThese results were confirmed in an analysis of seeds

produced by selected M6 plants both high and low for equivalent increase in seed inorganic P, so that there is
little or no effect on seed total P. When expressed as aseed inorganic P (Table 4). Seeds of selected M6 plants,

both low and high in inorganic P, were analyzed for percent of seed total P or percentage of the sum of
phytic acid P and inorganic P, the reductions in soybeanphytic acid P using a second method, ferric precipitation.

As observed before, the sum of seed phytic acid P and seed phytic acid P, and accompanying increases in inor-
ganic P, are proportional in magnitude to those observedinorganic P remained relatively constant across the

check cultivar Athow, and both mutant and nonmutant in cereal grain low phytic acid mutants. However, since
soybean seed typically contain 50% or more seed totalprogenies of M153 and M766. The overall mean value

was 5.42 g phytic acid P 1 inorganic P kg21, and the P than do cereal grains, in absolute terms the amount
of P represented by these changes in seed P chemistryrange was 4.73 to 6.23 g kg21 (Table 4). Those progenies

Table 4. Seed phytic acid, phytic acid P, and inorganic P of Athow and of selected soybean mutants.

Phytic acid P 1
Mutant line Phytic acid Phytic acid P Inorganic P Inorganic P Inorganic P

g kg21 %
Athow 15.33 4.32 0.74 5.06 15
153-1-4-3-48 6.67 1.88 3.35 5.23 64
M153-1-4-8-69 6.28 1.77 2.96 4.73 63
M153-1-4-9-77 6.81 1.92 2.88 4.80 60
M153-1-4-15-94 6.81 1.92 3.74 5.66 66
M153-1-4-17-100 7.70 2.17 3.31 5.48 60
M154-1-4-25-114 6.74 1.90 3.76 5.66 66
M766-3-5-4-156 17.25 4.86 0.61 5.47 11
M766-8-3-2-219 11.99 3.38 2.85 6.23 46
M766-8-5-18-369 10.61 2.99 3.11 6.10 51
M766-8-6-4-419 10.08 2.84 2.42 5.26 46
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McCance, R.A., and E.M. Widdowson. 1935. Phytic acid in human1998; Veum et al., 1998). It is therefore likely that in seed
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Mendoza, C., F.E. Viteri, B.L. Lonnerdal, K.A. Young, V. Raboy,“available P” is probably about 75% of seed total P, as
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compared with approximately 25% of seed total P that acid maize on absorption of iron from tortillas. Am. J. Clin.
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of inositol phosphates. Anal. Biochem. 175:162–166.ponent can contribute up to approximately 50% of the
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Raboy, V. 1997. Accumulation and storage of phosphate and minerals.these mutants, or similar genetic resources, would repre-
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Pub., Dordrecht, Netherlands.
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